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SUMMARY 
The purpose of this work was to design~ construct and 
calibrate simple~ inexpensive apparatus which could be used 
to measure the normal stresses and tangential shear stresses 
of a fluid. 
For normal stress measurements~ the capillary jet 
1 
thrust principle was selected. A standard analytical bal-
ance was modified so that capillary tubes could be fitted on 
it horizontally. It was designed so that the thrust produced 
by a jet of fluid from the tube caused a deviation from the 
zero balance position. The weights needed to rezero the 
balance gave a measure of the thrust. 
Normal stresses were evaluated for a solution of 1.0% 
polyisobutylene in cyclohexane and found to be near the 
values obtained on a sim~lar solution by others. It was 
found that the thrusts measured at high values of 8V/D~ above 
4 x 104 sec- 1 ~ did not give reliable normal stress differ-
ences. Thrusts could not be measured accurately at high 
values of 8V/D (where the pressure drop across the capillary 
tube exceeded 15 psi) because the flexible tygon tubing con-
nector swelled~ stiffened and lost its flexibility~ seriously 
reducing the balance sensitivity. 
It was noted that in the Generalized Reynolds Number 
range useful for these measurements (100-1000)~ the range of 
thrust values obtained was the same regardless of tube 
diameter. This observation is useful in selecting tubes for 
covering desired 8V/D ranges. 
A capillary viscometer was also constructed and used 
for obtaining the necessary flow data. It operated satis-
factorily in a continuous range of flow rates of 2 to 560 
cc/min and capillary wall shear stresses of 1.0 to 660 
dynes/cm2 • With seven capillary tubes, the complete 8V/D 
range of 200 to 1.2 x 105 sec- 1 can be covered even for 
fluids of low (0.5 cp) viscosity. For more viscous fluids, 
fewer tubes are required. 
The diameters of the capillary tubes used in the 
experiment were obtained by applying an iterative procedure 
2 
to a standard experimental method. A Newtonian fluid entrance 
effects correction coefficient was also checked experimentally 
and found to agree with a value proposed in the literature. 
I. INTRODUCTION 
It has been increasingly recognized that many fluids 
such as slurries and suspensions~ polymer solutions~ poly-
mer melts~ emulsions and others exhibit non-Newtonian 
properties. Therefore~ the characterization of their flow 
properties has developed into an important field of study 
in which stresses developed in these fluids when they are 
deformed are evaluated. These stresses are tangential 
shearing stresses and normal stresses. 
The determination of these stresses~ particularly the 
normal stresses at high shear rates~ has been limited by 
the methods and instruments available. Therefore~ the 
design of the necessary instruments has become an important 
problem and will continue to be one until a suitable appa-
ratus is developed which can be used to obtain normal 
stresses over a wide range of shear rates for any fluid. 
The work described here was therefore concerned pri-
marily with the problem of designing~ building and testing 
an instrument for evaluating normal stresses by using the 
principle of measuring the thrust jetting from a capillary 
tube. To fully describe the flow~ the tangential shearing 
stresses must also be evaluated. As part of the problem~ a 
capillary viscometer was also developed. 
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II. LITERATURE REVIEW 
The classical theory of elasticity deals with the 
mechanical properties of perfectly elastic solids, in which 
in accordance with Hooke's law, stress is always directly 
proportional to strain3 but independent of the rate of 
strain. The theory of hydrodynamics deals with properties 
of perfectly viscous liquids for which, in accordance with 
Newton's law, the stress is always directly proportional to 
the rate of strain, but independent of the strain itself. 
These categories are idealizations however. Any real solid 
shows deviation from Hooke's law under suitably chosen con-
ditions, and it is probably safe to say that any real liquid 
would show deviation from Newtonian flow if subject to 
sufficiently precise measurement. 
4 
There are two important types of deviations. First, the 
strain in a solid or the rate of strain in a liquid may not 
be directly proportional to the stress, but may depend on 
stress in a more complicated manner, such as when the elastic 
limit is exceeded for a solid. Second, the st~ess may depend 
on both the strain and the rate of. strain together. Mater-
ials demonstrating this type of behavior are partly fluid-
like and partly solid-like. These materials are referred to 
as viscoelastic and usually demonstrate what are referred to 
as normal stress effects.* 
*Fredrickson (6) has shown that a normal stress effect can be 
predicted from a model of a purely viscous fluid (Stokesian) 
under certain conditions, even though the fluid is nonelastic. 
However, there are no known examples of such fluids. 
The classical method followed in analyzing the stresses 
developed within a fluid~ when it is deformed continuously 3 
is to consider an incremental volume of fluid and the 





v J--1-31 111 
1-'33 
Figure 1. STRESSES ON INCREMENTAL VOLUME OF FLUID 
WHEN SUBJECTED TO A CONTINUOUS DEFORMATION 
In the stress convention used here~ the first subscript 
refers to the direction perpendicular to the plane in which 
the stress acts and the second subscript refers to the 
direction. 
5 
The stresses 1 11, '\22 , 133 are called the dtnti:aee~ 
normal stresses and the terms 1 12, 1 13, '121 , 'T"'23 ~ 1 31, and 
1r32 are called the shearing stresses. These stresses can 
be represented by the stress tensor: 
6 
T 11 \12 .,... 13 
""-· . = \21 \22 rr-23 l.J (1) 
T 31 '\ 32 .,.....33 
In dealing with fluids, it is convenient to divide the 
stress tensor into two parts . 
..,...,_ . - - p 5 . . + p . . 
l.J l.J l.J (2) 
where the term p is called hydrostatic or isotropic pressure, 
Pij the shear stress tensor, and 5ij the Kronecker delta: 











This stress tensor definition can be made because a fluid 
has a fundamental property that, when it is in a state of 
rest, the stresses within it become purely isotropic {the 
same in all directions). That is: 
rr .. = - P 5 .. l.J l.J 
where 
...... - 0 l.J i -1 j ; "'f':. • I o i = j l.J 
When the velocity field is assumed as: 
(4) 
and where the subscripted x refers to the coordinate direc-
tion (see Figure 1), it has been described by Dahler and 
Scriven (5) and by Aris (1) that the stress tensor may be 
taken as symmetric. That is: 
~-. = "-·. ~J J~ (5) 
7 
Weissenberg (23) noted that in a continuously deforming 
fluid with elastic properties, finite strains would be crea-
ted. He reasoned that by analogy to large deformations of 
solids these finite strains would cause normal stresses. On 
the basis of this analogy he then proposed that for incom-
pressible viscoelastic fluids, the stress tensor could be 
written as (24): 
pll 1"'12 0 
'\"" .. 
-
- p 5 .. + 
"1""12 p22 0 ~J ~J (6} 
0 0 p33 
where p, the hydrostatic pressure, was defined as 
1 ("til +~22 +!33) 1tr~ p = - 3 = - 3 (7) 
and the velocity field was the same as that assumed previ-
ously in this paper. It should be noted that1r13,1r23,~31 
andil32 are zero. The reason for this is that, in consider-
ing the rotational equilibrium (22) of an incremental 
element of volume, it has been found that in order to have a 
state of rotational equilibrium these stresses must indeed 
be zero. It can also be shown that only two of the normal 
stress terms are independent. Thus only the shearing stress 
1l12 and any two of the normal stresses need be evaluated 
independently. 
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A great deal of work has been done in developing methods 
with which to measure normal stresses in fluids subjected to 
continuous deformation. Methods which have found major use 
are: rotating parallel plates (13_,24)_, rotating cones of 
small angle and flat plates (13_,24)_, and birefringence 
measurements (11_,16_,4). 
Measurement of the normal stresses in the cone-plate and 
parallel plate rheogoniometer instruments are obtained by 
determining the height of rise of fluid in capillary tubes 
affixed to the plate_, as a function of radial position. The 
force normal to the plate can thus be measured and the normal 
stress calculated. These methods are reliable_, but they 
have the major disadvantage of being unable to measure normal 
stresses at shear rates above 103 sec- 1 . It is of great i~ 
portance_, in industry and research_, that methods of obtaining 
these stresses at shear rates higher than 103 sec-l be found_, 
since many practical flow situations fall in this region. 
The birefringence method makes use of light ray re-
fraction. Anisotropic crystals split a ray of light into 
two separate parts which travel at different speeds and fol-
low different paths. By measuring the responses of the 
light rays through the fluid_, it is possible to evaluate the 
normal stresses. This procedure has been used for determining 
normal stresses at shear rates slightly greater than 104 
sec- 1 (4). \ It has the major disadvantage of being a tedious 
procedure limited to only transparent fluids. 
It was suggested by Gaskins and Philippoff (7) that 
normal stress data at high shear rates might be obtainable 
by studying the jet of a fluid issuing from a capillary 
tube, as it had been observed (12) that the jet expanded 
when emitted from the capillary tube. This expansion was 
attributed to the relaxation of elastic stresses developed 
in the shear field of the capillary. From an energy bal-
ance across the jet, they suggested that the normal stresses 
could be determined by obtaining the ratio of the diameter 
of the relaxed jet to the diameter of the capillary tube. 
They were able to obtain normal stress data at shear rates 
9 
up to 105 sec- 1 . However, a mistake was made in their energy 
balance. They erroneously omitted, the difficult to evaluate, 
dissipation of energy accompanying the change of flow veloc-
ity profile from that within the tube to the flat profile 
downstream from the tube exit. 
Houghton (10) and Metzner, et. al. (14), using this basic 
theory, but with a more refined analysis, were able to obtain 
normal stresses at high shear rates. They determined the 
momentum balance on the jet between the tube exit and a point 
downstream where the velocity profile had completely relaxed. 
From this, normal stresses were calculated as a function of 
shear rate from data on the ratio of the jet diameter to the 
tube diameter, tube dimensions, and n 1 , where n' is the slope 
10 
'""'.tk--(;.xJI 
of the log shear stress}.versus log (8V/D) curve (V =average 
velocity in the tube~ D =tube diameter). 
The major disadvantage of this procedure was that photo-
graphs of the jet were used in measuring the jet diameter. 
Difficulty arose from the inherent parallax in measuring 
the photographs accurately. It was also difficult to obtain 
photographs of the jet in a completely relaxed state. Thus, 
this method had serious deficiencies although high shear 
rate data could be obtained. 
Harris (8) suggested that the normal stresses might be 
evaluated by measuring the reaction, or thrust, of a jet of 
viscoelastic fluid. Shertzer and Metzner (19,20) presented 
a detailed mathematical analysis of this theory which was 
outlined by White and Metzner (25) and a summary of which is 
presented here. For a thorough analysis~ the reader is 
referred to the original references. 
By considering the momentum balance on an element of 
fluid at the exit of a capillary tube, the thrust may be 
related to the normal stress in the direction of flow by 
the equation: 
(8) 
where T is the thrust exerted by the jet, ~ is the fluid 
velocity at radius r in the tube~ p is the fluid density and 
(~1) is the total normal stress in the axial direction. By 
analyzing this equation they (19~20) obtained the equation: 
/ 
_ pV2 [3n'~l (n'+l)J _ T [ 1 
n* n' rrR2 
1 d(log T) J .. 
+ 2n' BV d(log D) · 
(9) 
where (1r11)w denotes the stress 'r11 evaluated at the wall 
shear rate. 
11 
Using the flow equations~ invoking the Weissenberg 
hypothesis that P22 = P33 ~ and assuming that p0 ~L = 0 (where 
. . 
p0~L is the pressure at the tube exit and centerline), they 
were able to show that (~11)w - (P11 - P22)w. Tne final 
equation thus obtained was: '{ 
. 
II 
( ) pQ~ [~+l (n0'+.l)J. 
, Pll - p22 w - rr2R.4 2n *+1 
T 
- rrR2 
1 d(tbs T) J 
+ 2n 1 BV 
d(log. _D) . 
. ' 
Equation (10) can be used to evaluate (P11 - P22)w from 
experimental data for n 1 , T and d(log T)/d(log 8V/D). 
(10) 
The assumptions made in the above derivation were: (1) 
the flow was steady~ laminar and isothermal and the tube 
from which the fluid was issuing has a sufficiently great 
L/D ratio to insure a well-developed velocity profile, (2) 
the fluid was !~compressible~ (3) effects of7 interfacial and 
surfa~e-terision at the end <:lf the jet were negligible, and 
(4) gravitational effects and drag of the air on the jet 
could be neglected. 
Shertzer (19) constructed a capillary rheometer which 
measured the thrust by measuring the force of the jet 
12 
transmitted to a series of transducers. He was able to 
measure thrusts in the range of 0.223 to 22.3 grams on 
dilute polymer solutions up to shear rates of slightly higher 
than 105 sec- 1 • The normal stresses were then compared to 
those obtained from previous work at lower shear rates and 
were found to be in good agreement, thus demonstrating the 
validity of the method. 
Uebler (21), using the same theory, constructed an 
apparatus different in design from Shertzer in that he meas-
ured the thrust by having the jet produce a twisting moment 
in a circular bar. Strain gauges were used to determine the 
strain developed in the bar, and by using basic mechanics of 
materials relationships he was able to evaluate the thrust. 
He reported measurements of thrusts in the range of 0.06 to 
17.9 grams and he evaluated normal stresses at shear rates 
up to 1.3 x 106 sec- 1 • He also compared his data to that 
obtained by Shertzer in order to demonstrate the validity of 
his design and found good agreement. Uebler also investigated 
the assumptions made by Shertzer and Metzner in deriving 
equation (10) and found them to be justifiable. 
The technique of capillary viscometry is one of the 
most common methods for characterizing the flow characteris-
tics of fluids. In this method, a fluid is forced through a 
fine-bore tube and the viscosity of the fluid is determined 
from the measured volumetric flow rate, applied pressure, 
and tube dimensions. 
For Newtonian fluids in which the shear stress is 
related to the shear rate by the proportionality constant 
~ (the viscosity), the Hagen-Poiseuille law holds for 
laminar flow in tubes. 
Q = TrR4 6P 8~L 
where Q = flow rate, R = internal radius of the tube, 
(11) 
6P = pressure drop across the tube, and L = length of tube. 





For non-Newtonian fluids, it can be shown (3,22) that 
(-dv) = [3n 1 +1] §:1. Or w 4n 1 D (13) 
13 
An important consideration in capillary viscometry work 
is the determination of the pressure-drop correction factor 
C for the capillary end effects correction. This correction 
is important, because in all capillary viscometers, a liquid 
in a wide reservoir enters the capillary tube in a converging 
stream and comes out either into open air or into another 
wide reservoir in a divergent stream. This process produces 
what is referred to as the pressure drop due to entrance 
effects, and is made up of the excess pressure loss downstream 
from the contraction plus the increase in the kinetic energy 
of the full-developed velocity profile within the tube. This 




- c 2g 
c 
(14) 
where V is the average velocity of the fluid within the tube. 
Therefore, the actual pressure drop across the tube is the 
observed pressure drop minus ~p entrance. 
6PACTUAL = ~POBSERVED - ~PENTRANCE (15) 
For Newtonian fluids a value of (C) equal to 2.16 was sug-
gested by Bogue (3) and it will be shown later that this 
value gave consistent results with the data obtained in this 
work. It should be noted here that the end correction 
factor should be checked for each tube and type of fluid 
in order to obtain a value directly applicable to the 
particular experiment being run. 
15 
III. EXPERIMENTAL 
Purpose of Investigation 
The primary object of this investigation was to design 
and construct equipment to measure the thrust produced by a 
fluid jetting from a capillary tube. The thrust would then 
be used to calculate the normal stresses of the fluid. The 
secondary object was to construct a capillary viscometer to 
obtain viscosity data for the fluids being studied. 
Apparatus 
The apparatus consisted of two main pieces of equipment: 
1. An analytical balance to measure the thrust produced 
by a fluid jetting from a capillary tube attached to 
it 
2. A capillary viscometer. 
These two pieces of equipment were used with the follow-
ing auxiliary equipment: 
1. Fluid reservoir 
2. Pump and variable speed drive 
3. Constant temperature bath 
4. Manometer and pressure indicator system 
A. Auxiliary Equipment 
The auxiliary equipment will be described first. A 
schematic diagram of the process fluid system and auxiliary 
equipment is shown in Figure 2. Figure 3 is a photograph of 
the actual equipment. Process fluid flows from the reservoir 
to the process fluid pump~ then through coils in the constant 
Figure 2 
SCHEMATIC DIAGRAM OF PROCESS FLUID 
FLOW SYSTEM AND AUXILIARY EQUIPMENT 
1. Mercury manometer 
2. Process fluid manometer 
3 . Mi.cromanometer 
4. Air discharge tube 
5. Volume capacity line 
6. Bourdon pressure gauge (0-300 psi) 
7. Bourdon pressure gauge (0-100 psi) 
8. Compensating air pressure line 
9. Zenith metering gear pump 
10. Graham variable speed transmission Model No. 45R2.8 
(0-200 rpm) 
11. Fluid reservoir 
12. Constant temperature bath 
13. Process fluid outlet 





temperature bath to the thrustometer or capillary viscometer. 
A pressure tap which could be connected to any of the five 
pressure indicators was teed into the process fluid line 
just before it exits from the constant temperature bath. 
About 450 cc of process fluid were required to fill the 
system. 
The fluid reservoir is shown in Figure 4. It consists 
of a 2-inch O.D. galvanized pipe coupling with a galvanized 
reducer on the bottom to form the outlet port for the fluid. 
The top was covered with a sheet of aluminum foil. The 
reservoir had a capacity of 15 in3. This small capacity was 
used so that the evaporation of the solvent~ which was a 
problem~ could be minimized. When flow rate data was not 
being taken> the fluid from the thrustometer or viscometer 
was directed into the reservoir by way of a curved glass 
tube~ producing a recycling system. 
Two Zenith metering gear pumps~ with volumetric ranges 
of 0-50 and 0-550 cc/min~ were used to deliver the desired 
flow rates. A graham variable speed drive (0-190 rpm) pow-
ered by a 1/4 HP explosion-proof motor was used to drive the 
pumps. A photograph of the drive and one pump is shown in 
Figure 5. The low capacity pump provided consistent and 
reproduceable flow rates in the low flow range (as low as 
2 cc/min) where the larger pump was unable to reproduce the 
desired flow rates. The wide range of flow rates permitted 
viscometry data to be obtained in the transition and low 
turbulent range as well as the laminar range. The rpm 
Figure 4 
SCHEMATIC DIAGRAM OF PROCESS FLUID RESERVOIR 
1. Glass tube to catch fluid jet 
2. Glass funne 1 
3. Aluminum foil cover 
4. 2-inch galvanized nipple 
5. 2-inch galvanized pipe coupling 
6. 2 x 1/4-inch galvanized bushing 
7· Process fluid line to gear pump: 1/4-inch O.D. nylon 
tubing 
8. Aluminum tee: Swage lok A- 400- 3- 4TMT 




CLOSE-UP VIEW OF ZENITH PUMP, GRAHAM 




delivered by the variable speed drive could be set to repro-
duce the desired flow rates to at least +1.0 cc/min. 
A schematic diagram of the constant temperature water 
bath regulating system is shown in Figure 6. The container 
was a 5 gallon can. The process fluid passed through an 18-
foot coil of 3/8-inch O.D. stainless steel tubing immersed in 
the bath. Heat was supplied by a 1000 watt electric heater. 
The bath was cooled by passing cool tap water through a 
copper cooling coil. It could be controlled to ±.05°C. 
When the viscometer was in use~ mixing was obtained by 
recycling water through the bath with a 1/6 HP centrifugal 
pump that delivered 1.0 gallon of water per minute. Figure 
7 is a schematic diagram of this recirculation system and 
Figure 8 is a photograph of the system in operation. When 
data were being taken with the thrustometer~ vibration pro-
duced by the water pump was transmitted to the thrust appa-
ratus and affected the thrust measurements. Therefore~ an 
air driven stirrer was used for the mixing. 
Valves were placed at many points in the fluid and 
manometer lines so that the system could be drained and 
flushed easily. A valve was also placed at the high point 
of the process fluid coil to allow for air to be discharged 
from the coil. 
The pressure tap in the process fluid coil near the out-
let from the bath was connected to a system of manometers 
and pressure gauges. Figure 9 shows the three manometers 
and.the valves needed to permit the proper pressure indicator 
Figure 6 
SCHKMATIC DIAGRAM OF CONSTANT TEMPERATURE 
BATH REGULATING SYSTEM 
1. Cooling coil 
2. Thermometer: (-5.0 - 50.0°C) precision +0.05°C 
3. Thermoregulator: Jumo Model No. 16-50A 
0-50°C~ 150 mm long precision +0.01°C 
4. Explosion proof box 
5. 110-volt electrical recepticle 
6. Relay: Fisher~ Model No. 30 
7. Circulating-air line 
8. Electrical coil (1000 watts) 




SCHEMATIC DIAGRAM OF VISCOMETER AND 
COOLING WATER FLOW SYSTEM 
1. Constant temperature bath 
2. Cooling water return line: 1/4-inch galvanized pipe 
3. Viscometer heat exchanger jacket: 3/8-inch galvanized 
pipe 




VISCOMETER JACKET CONNECTED TO CONSTANT 





~~NOMETER SYSTEM AND MANIFOLD BOARD 
to be connected to the process fluid pressure tap. The 
manometers consisted of a process fluid micromanometer, 
a process fluid manometer, and a single-leg, well-type 
mercury manometer. All three manometers were constructed 
specifically for this equipment. The pressure gauges were 
two bourdon gauges which can be seen in Figure 5. 
26 
The pressure indicators were assigned numbers to identify 
them in computer calculations. These numbers and the char-
acteristics of each pressure indicator based on toluene 
(density = 0.8564 gm/cm3 ) as the process fluid, are listed 
in Table I. 
Table I 
PRESSURE INDICATORS 
Maximum Range Smallest 
No. Type Reading psi Division 
1 Well-Hg 180 em 0-34 1.0 nun 
Manometer 
2 Process fluid 180 em 0-2.25 1.0 rrnn 
Manometer 
3 Process fluid 1.25 inches 0-0.038 0.001 inch 
Micromanometer fluid 
4 Bourdon- tube 100 psi 0-100 1 psi 
5 Bourdon- tube 300 psi 0-300 5 psi 
For all but No. 3, pressure readings could be estimated to 
half the smallest division indicated. No. 3 could be read 
to 0.0001 inch. 
All manometers were used up to their maximum reading 
before the next highest manometer was valved into the system. 
27 
By following this procedure~ the initial pressure reading for 
each manometer was high enough so that the error in reading 
them was minimized. In transferring from manometer No. 3 to 
manometer No. 2~ the initial pressure reading was only 3.2 em 
of fluid which was actually too small to be reliable. It was 
decided that pressure readings lower than 5.0 em on manometer 
No. 2 would be taken. However, if that data point deviated 
from the other points in the series, that point could justifi-
ably be considered inaccurate due to the error in the 
manometer reading. 
In order to reduce the amount of process fluid needed 
to fill the volume capacity lines to the pressure gauges, a 
regulated compensating air pressure of 0-80 psi was fed into 
the lines as required. By regulating the pressure in the 
lines to approximately the expected reading, the pressure 
gauge could attain a constant reading faster. The regulated 
air counter-balanced the pressure from the system quickly and 
little movement of the process fluid in the lines was neces-
sary. The volume capacity line also served to maintain a 
volume of air ahead of the process fluid to insure tMt the 
process fluid would not contact the internal parts of the 
gauges~ which could have damaged them. 
The process fluid and manometer lines were 1/4-inch O.D. 
nylon tubing. The volume capacity line of the pressure indi-
cators was a 3/8-inch O.D. nylon tube. The tubing was rated 
at 500 psi at room temperature with a safety factor of 4:1. 
B. Thrustometer 
While the apparatus designed by Shertzer and Uebler 
appear to be useful, it was desired to design a less costly 
sensing device to measure capillary jet thrusts. An 
analytical balance principle was chosen to measure the 
thrust, because accurate and reproduceable weight measure-
ments as small as 0.0002 grams are easily obtained with a 
standard analytical balance when it is undamped. It was 
believed that if an analytical balance could be modified to 
measure thrusts without a substantial loss of sensitivity, 
accurate and reproduceable thrusts could be obtained. 
Figure 10 shows a schematic diagram of the modified 
analytical balance frame used to measure the capillary jet 
thrusts. Photographs of a side view and a back view of the 
apparatus are shown in Figures 11 and 12. 
The balance was fitted with a 4.25 inch length of 3/8-
inch O.D. high pressure sight glass tubing, hung directly 
from above the fulcrum of the balance.* A 90° aluminum 
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Swagelok tee was affixed to the top end to produce a length 
of 5.50 inches from the fulcrum to the mid-point of the 
outlet opening on the elbow.** The 180° section was fitted 
*A piece of stainless steel tubing was originally used, but it 
was found that at the time fluid was being pumped into the sys-
tem, air would be trapped within the tube. The experimenter 
was unable to observe when all the air was discharged from the 
tube. Thus a glass tube was chosen. This also reduced the 
weight of the modified frame. 
**Steel ferrules were used as seals in the Swagelok fittings on 
all fluid lines, manometer lines and pressure indicator lines. 
Nylon ferrules were used for all glass tubing connections and 
for seals for the capillary tubes in the thrustometer and vis-
cometer. The nylon ferrules were used on the capillary tubes 
because it was found that this type, while providing a tight 
seal, could be removed easily and reused when tubes were being 
changed. 
Figure 10 
SCHEMATIC DRAWING OF MODIFIED 
ANALYTICAL BALANCE FRAME 
1. Capillary tube with adapter 
2. Pointer 
3. Adjustable lead counter-weights 
4. Balance head frame 
5. Aluminum tee: Swagelok A-600-3TFT 
6. Insert: Swagelok 605-4 
7· Front nylon ferrule: Swagelok ZY-603-1 
8. Back nylon ferrule: Swagelok ZY-604-1 
9. 3/8-inch O.D. tygon tubing 
10. 3/8-inch O.D. glass tube 
11. Aluminum elbow: Swagelok A-600-9 
12. Front nylon ferrule: Swagelok ZY-603-1 




SIDE VIEW OF ANALYTICAL BALANCE APPARATUS 




BACK VIEW OF ANALYTICAL BALANCE APPARATUS WITH TYGON 
TUBE DISCONNECTED AND CAPILLARY TUBE IN PLACE w 
...... 
with a plug which was used to hang the tee to the balance. 
A capillary tube with a 3/8-inch O.D. aluminum adapter 
(described below) was fitted to the horizontal section of 
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the 90° elbow and properly aligned. Adjustable counter-
weights were then used to locate the center of gravity of the 
balance just below the fulcrum. This produced the greatest 
balance sensitivity and was checked whenever the balance was 
reassembled. 
A 6-inch piece of 3/8-inch O.D. by 5/16-inch I.D. tygon 
tubing connected the outlet of the constant temperature bath 
to the tee of the balance. Tygon tubing was chosen because of 
its resistance to organic solvents~ apparent flexibility and 
strength. 
The center line of the tygon tubing was located so as 
to pass directly through the bottom of the fulcrum of the 
balance. This procedure minimized the effect of inherent 
torque in the tygon tube. 
The distance of the weight pan knife edge from the ful-
crum was 2.75 inches. A jet from the capillary tube would 
thus produce a horizontal force which would be counter-
balanced by placing weights on the pan at a ratio of 2:1. In 
other words~ the additional weight on the pan needed to re-
balance the thrustometer divided by 2 was the thrust. 
Seven stainless steel capillary tubes shown in Figure 13 
were prepared for the thrust measurements. The dimensions of 
these tubes are listed in !able II and a complete table of 
specifications are given in Appendix II~ Table XIII. 
Figure ·13 
CAPILLARY TUBES WITH ADAPTERS 




The adapters for the capillary tubes were machined from 
1/2-inch aluminum stock to 3/8-inch O.D. and 3/4-inch length. 
A hole was drilled in the center to accommodate the proper 
capillary tubes which were glued into the adapters using an 
epoxy glue.* The capillary tube entrance was made flush 
with the end of the adapter. Thus the fluid passed from a 
large area through a sharp restriction to a small area. 
This procedure was followed so that the entrance effect 
was nearly constant for all the tubes. 
Table II 
THRUSTOMETER CAPILLARY TUBES 
I.D.(in} Length {in} L/D 
.01022 6.244 611 
.01339 6.248 467 
.02326 6.240 268 
.03283 12.084 368 
.04647 12.264 264 
.06137 12.016 191 
.1045 12.252 116 
C. Viscometer 
The viscometer arrangement was shown in Figures 7 and 
8 and a detailed diagram of the water jacket is shown in 
Figure 14. The jacket consisted of a 3/4-inch O.D. 
*The epoxy glue~ mixed by Dr. K. Mayhan~ consisted of a 
mixture of 100 parts by weight CIBA No. 6010 epoxy resin 
(M. W. 390-410) to 13 parts CIBA hardener No. 951 
(Triethylenetetramine); procured from Harry Baumstock Co.~ 
St. Louis~ Missouri. · 
Figure V+ 
DETAILED DIAGRAM OF VISCOMETER JACKET 
1. Inlet water line from bath: 1/4-inch galvanized pipe 
2. 1/4-inch union 
3. 1/2 x 1/4 galvanized bushing 
4. 3/8-inch galvanized tee 
5· Outlet water line to centrifugal pump: 1/4-inch 
galvanized pipe 
6. Viscometer heat exchanger jacket: 3/8-inch galvanized 
pipe 
7. Brass male connector: Swagelok 600-1-4 
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galvanized steel pipe with brass Swagelok fittings on each 
end.* A capillary tube with 3/8-inch O.D. aluminum adapters 
on each end was placed inside the tube and secured at the 
ends. One end was connected to the process fluid outlet of 
the constant temperature bath. The pipe was then connected 
to the water pump and bath so that water would be pumped from 
the bath through the galvanized pipe surrounding the capillary 
tube and back into the bath. In this way the temperature of 
the fluid within the capillary tube could be kept at a con-
stant temperature within the same limits as the bath (±0.059 C). 
Temperature control is a factor of great importance in vis-
cometry work, because of the rapid change of viscosity with 
temperature. 
Four jackets were constructed and are shown in Figure 
15. The lengths of these were 48, 24, 12, and 6 inches. 
These lengths were used to accommodate the lengths of capil-
lary tubes (see Table III). The viscometer tubes and jackets 
could be changed in 10-15 minutes. Seven stainless steel 
capillary tubes as shown in Figure 16 were used for the vis-
cometer experimentation. The dimensions for these tubes 
are listed in Table III and a complete list of specifications 
is given in Appendix II, Table XIII. 
*Contact between process fluid and any copper-containing 
metal was avoided in this apparatus because of the catalytic 
effect copper has in many organic reactions. The brass 
Swagelok fittings used here acted only to seal the water in 
the jackets and help align the tubes, thus they were never 
in contact with the process fluid. 
Figure 15 
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VISCOMETER CAPILLARY TUBES 
I.D.{in) Length (in) L/D 
.009639 6.142 637 
.01331 6.244 469 
.02322 12.087 520 
.03254 24.220 744 
.04625 24.220 524 
.06290 24.220 385 
.1033 48.025 465 
ExEerimental Procedure 
A. Capillary Thrust Measurements 
The following procedure was used in obtaining thrust 
data. The room temperature was adjusted so as to be close 
to the temperature of the process fluid during the experi-
ment. The thermoregulator was turned on and the bath was 
regulated to the desired constant temperature. The analy-
tical balance (thrustometer) was placed in position and the 
tygon tubing was connected to the outlet of the process 
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fluid coil and to the 90° part of the tee of the thrustometer. 
In connecting the tubing, the balance hung fre~~n its ful-
crum, and the tubing was secured with the pointer of the 
balance zeroed as closely as possible. This was done to 
minimize any twist that may have been put into the tubing in 
tightening it. The capillary tube was then inserted into 
the lower elbow and secured. A small level was then used 
to level the entire thrustometer. 
40 
Process fluid was then poured into the reservoir 
through the funnel and the gear pump was started. Fluid was 
added intermittently to the reservoir as the system began to 
fill. With this procedure, a reservoir capacity of only 15 
cubic inches was required. Thus, the amount of evaporation 
of solvent into the head space was minimized. In filling the 
system~ air trapped within the coil was discharged through 
the vent valve located at the high point of the coil. The 
process fluid manometers were filled to the level of the hori-
zontal capillary tube to maintain a continuous leg of process 
fluid. 
As soon as the fluid began to jet from the capillary 
tube~ it was directed into the reservoir, completing the re-
cycling system. Process fluid was allowed to recirculate 
through the system for at least 10 minutes to insure that it 
was at the bath temperature. 
By placing a finger over the capillary tube exit, pres-
sure could be built up in the process fluid and the process 
fluid manometer level was raised. The pump was then stopped 
and fluid was allowed to flow from the manometer out through 
the capillary tube. This procedure served to flush out air 
trapped in the vertical glass tube and the horizontal tube 
inside the bath. This was repeated several times until no 
air was discharged from the system. 
After all the air was out of the system, the pump was 
stopped and the pressure was again allowed to go to zero. 
The surface tension of the fluid at the end of the capillary 
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held the fluid in the tube. At this point the level of the 
thrustometer and the alignment of the capillary tube were 
checked again. The balance was then zeroed by placing the 
proper weights in the balance pans. A magnifying glass was 
used to reduce parallax in reading the scale. The pump was 
then set to deliver the desired flow rate. The proper 
manometer was then valved into the system and allowed to 
reach equilibrium. The thrustometer was then balanced to 
overcome the imbalance caused by the thrust produced by~the­
fluid jetting from the capillary tube. A fluid sample was 
then collected over a time period of 1.0 minute to 2.5 min-
utes~ depending upon the flow rate~ and the volume measured. 
A stop watch readable to 0.2 seconds was used for the time 
measurements. The flow rate in cc/min was thus obtained. 
The manometer was checked again and the reading was recorded 
as the pressure drop across the capillary tube.* 
The temperature of the process fluid~ which was read as 
the temperature of the bath3 and that of the manometer fluids 
It was found that the pressure drop 3 in the line from the 
pressure tap inside the bath to the entrance to the capillary 
tube~ was so small that it could be neglected. Therefore, the 
manometer or pressure indicator reading recorded could be 
taken as the actual pressure drop across the capillary tube. 
Pressure readings were only taken to prove the accuracy of 
the data during the initial phase of the project. It was 
found that the manometers required a considerable time (5-10 
minutes) to reach equilibrium when data was being taken with 
one of the smaller diameter tubes. Thus it was decided to 
valve off the manometer system and wait 2 minutes for the 
system to reach equilibrium between different flow rate 
settings and to calculate the pressure drop from viscometry 
data on the same solution. This procedure proved to be 
satisfactory and reduced the time required for taking data. 
were then recorded.* The setting of the variable speed 
drive was recorded so that the point could be repeated if 
desired. Before recording the weight on the weigh pans, a 
check was made to see if the pointer had deviated from the 
zero position. If it hadJ the point was rerun from the 
beginning. It should be noted that deviations generally 
did not occur. If no deviation was observedJ the total 
weight on the pan was recorded. The pump was stopped and 
the pressure drop allowed to reduce to zero, after which a 
check was made on the zero thrust point. 
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It was found, after much experimentation, that the zero 
thrust reading had a tendency to change from that recorded 
before the first run.** It was also noted that after the 
first data point was taken, the zero thrust weight usually 
remained nearly constant throughout a series of data points. 
Apparently after the initial movement, little further movement 
occurred. Careful examination of the data and rechecks of 
the data showed that the zero thrust reading recorded after 
the run produced the most consistent results. 
The repeatability of duplicate thrust measurements 
obtained in two different series of measurements using the 
same tube and flow rates was best using this procedure. 
*The temperature of the process fluid in this apparatus could 
not be controlled as well as in the viscometry unit which had 
jacketed heat exchangers. However, the thrust measurements 
are not as sensitive to temperature variations as the pres-
sure measurements. Viscometry data taken with the thrust 
tubes is not as reliable as that taken with the capillary 
tubes. 
**This is believed to be due to expansion of the tygon tubing 
which caused a slight shift in the position of the balance 
knife-edge. This shift was observed to be about 1/32 inch. 
Between each series of data points the capillary and tygon 
tubes were dissembled and reassembled, thus insuring no 
repeated experimental errors in the assembly of the thrust-
ometer. The thrust was half the difference between the 
total thrust weight and the zero thrust weight. 
This procedure was followed for all data points. The 
time required for equipment set-up and obtaining the first 
data point was 45 minutes to an hour. The following data 
points in a series required about 15 minutes per point. 
After a series of thrust and viscometer runs with a 
process fluid was completed, the fluid was drained from the 
system. The system was then filled with a good solvent for 
the polymer studied and recycled for 10-15 minutes to dis-
solve any residual polymer. The wash solution was then 
drained, fresh solvent was added and the procedure was re-
peated. The system was then drained again. 
If a solution containing a solvent different from the 
wash solvent was to be studied next, the system was flushed 
with about 150 cc of the solution to be tested. This was 
drained and the system was then filled with test solution. 
B. Viscometer Measurements 
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The following procedure was used in obtaining data with 
the viscometer. The thrustometer was disengaged from the 
bath and a 90°, 3/8-inch steel Swagelok elbow was secured to 
the outlet of the bath. A viscometer capillary tube was 
placed inside its proper jacket and secured by brass fittings. 
The jacket was then connected to the low pressure side of the 
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centrifugal pump and the fluid entrance end of the capillary 
tube was secured in the elbow. 
It was then necessary to prime the water pump by filling 
the jacket manually with water. Air was bled from the pump 
by a capped Swagelok fitting threaded into the pump chamber. 
An 18-inch x 3/8-inch O.D. galvanized pipe with an open end 
inside the constant temperature bath near the bottom was 
connected to the viscometer jacket. A pipe was fitted to 
the outlet of the pump with one end placed just under the 
water level of the bath. The pump was then turned on and 
proceeded to draw water from the bottom of the bath and 
discharge it at the top of the bath. The temperature of the 
bath was then regulated to the desired temperature. 
Process fluid was introduced into the system. The 
reservoir was placed in position to receive the fluid dis-
charged from capillary tubes~ completing the recycling sys-
tem. Pressure in the system was built up and released inter-
mittently as described in the previous section in order to 
discharge all air that may have been trapped within the sys-
tem. After all the air was out of the system, the gear pump 
was set to deliver the desired flow rate and for low pressures 
the proper manometer was valved into the system. When the 
manometer reached equilibrium, a fluid sample was collected 
over a time period of 1.0 to 2.5 minutes depending upon the 
flow rate and the volume measured. A stop watch was used 
to measure the time. The flow rate in cc/min was thus ob-
tained. The manometer was checked and if it.had not changed~ 
the reading was recorded. The bath temperature, manometer 
board temperature, and the drive setting were recorded. 
It required 45 minutes to an hour to set up the vis-
cometer and record the first data point. The following 
data points in a series required about 15 minutes per point. 
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IV. RESULTS AND DISCUSSION 
Calibration of Tubes 
and Entrance Effects Correction 
The most important variable in capillary viscometry and 
capillary thrust measurements is the diameter. (Equations 16~ 
10). Thus~ accurate calibration of the capillary tubes used 
is vital for obtaining ·reliable measurements. The usual pro-
cedure followed in calibrating the capillary tubes is to 
use heavy fluids~ such as oils of known viscosity and 
density~ and apply the following equation to experimental 
data: 
(16) 
where ~ is the viscosity, Q is the flow rate~ L is the capil-
lary length and ~P is the pressure drop corrected for 
entrance effects. 
In this work a variation of this procedure was used. 
In place of an oil, a light Newtonian fluid (toluene) was 
used, because its viscosity was known and it was close to 
the viscosities of many of the fluids which would be later 
studied. Relatively high velocities could be attained in 
each tube with toluene and a sensitive check of the entrance 
correction could be obtained. 
Using toluene, flow rate data in the laminar region were 
obtained for the capillary tubes* to be used in the viscometry 
*The pressure drops measured for toluene with the largest 
diameter thrust and viscometer tubes were too small for 
calibration. Therefore, the procedures described in Appendix 
I were used. 
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and in the thrust measurements. The data obtained are tabu-
lated in Appendix II~ Table IX~ and plotted in Figures 17 
and 18. The following iterative procedure was then used in 
calculating the correct diameters. (See also Appendix I for 
a sample calculation.) 
The tube diameter listed by the manufacturer or an 
estimate based on prelim~nary experiments* was used to 
calculate the fluid velocity from the measured flow rate 
using the equation: 
(17) 
where d is the assumed diameter~ to be used in the first 
iteration and Q is the flow rate. This velocity was then 
used to calculate the pressure drop across the tube using 
equation (15)~ reproduced here for convenience. 
(15) 
The suggested Newtonian value of C equal to 2.16 was assumed 
at this point (3). Using these values in equation (16)~ a 
new diameter was calculated. The difference between the 
newly calculated diameter and the assumed diameter was then 
determined. If the difference was more than 5.0 x 10-6 
inches, the new diameter was used to recalculate another value 
of the diameter, using the same procedure. The resulting 
*The diameter~ based on preliminary experiments~ was a diameter 
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diameter was then compared to the previously calculated 
diameter. This procedure was followed until the difference 
between two successively calculated diameters was less than 
the specified tolerance. As shown in Table X, two or three 
iterations were generally required. 
The last value of the diameter thus calculated was 
listed as the diameter for the capillary tube for that 
particular data point. The same procedure was followed for 
each data point in the set of data obtained for each tube. 
The average of these calculated diameuers was taken as the 
correct diameter for that tube. 
Using the same data, but with the newly calculated 
diameters, the friction factor {f) for the tube was calc-
ulated using two different approaches. The first value was 
obtained from: 
f.=_ 16/Re (18) 
where Re is the Newtonian Reynolds Number. The second value 




where ~p is found from equation (15)~ p = density and gc is 
2 
a dimensional constant= 32.17 (lbm- ft./lbf- sec). 
Since the fluid used was a Newtonian fluid, the ratio 
of the two friction factors calculated should be 1.0. Since 
f from equation (19) is dependent on the magnitude of C in 
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equation (15)~ it was possible to check the value of C from 
this ratio. Beginning with an arbitrarily chosen value of 
C equal to 2.51~ the friction factors and their ratios were 
evaluated for each data point in the set of data for a 
particular tube. The average friction factor ratio was then 
calculated. Using the same procedure~ an average friction 
factor ratio was evaluated for the tube at successive values 
of C incremented by -0.05 down to 1.96. It was found that 
the average friction factor ratio for each tube was equal 
to 1.0000 + .0009 at a value of C equal to 2.16. The small 
range of values about 1.0000 indicates that the use of 
C = 2.16~ which had been proposed by Bogue (3) for Newtonian 
fluids~ gave consistent results. 
In order to reduce the error caused by entrance effects 
and insure that a proper velocity profile was developed~ all 
tubes used had large L/D ratios. (see Tables II and III). 
The L/D ratio for the capillary viscometer tubes ranged from 
744 to 385. Since the thrust tubes were designed primarily 
to obtain thrust data which only requires that a fully 
developed velocity profile exist at the exit end of the tube~ 
lower L/D ratios are tolerable. Nevertheless~ the minimum 
L/D ratio of 116 for the thrust tubes permits their use for 
viscometry also. 
In the process of obtaining the above data~ the manom-
eters~ pressure gauges~ gear pumps and variable speed drive 
were calibrated and checked for reproduceability in obtain-
ing data. The calibration data for the Bourdon gauges using 
a dead weight tester are shown in Table XIV. 
Viscometry Measurements for Toluene 
and 1.0% polyisobutylene in cyclohexane 
52 
Log-log plots of the shear stress,~w' versus 8V/b for 
data obtained from the viscometer and the thrustometer tubes 
using toluene and 1.0% polyisobutylene (PIB) in cyclohexane* 
are plotted in Figures 17, 18, 19, 20, and 21 and the data 
are tabulated in Appendix II, Tables IX, XI, and XII. 
For each plot, the data can be described by the equa-
tion: 
(20) 
The data obtained with the viscometer tubes and the thrust 
tubes, using toluene, were fitted separately to first-order 
curves by the least squares procedure. The values of n', 
log K1 (which is the value of log~w at (8V/D) = 1), the 95% 
confidence limits of each, and the standard deviation of the 
data from the curves are listed in Table IV. Toluene data 
were taken over the range of (8V/D) values of 200-1.2 x 105. 
For Newtonian fluids 8V/D is the shear rate at the wall. 
Since toluene is a Newtonian fluid, the theoretical 
value of n' should be unity. It can be seen from Table IV 
that the n's calculated for each set of tubes are very close 
to 1.000. The small standard deviation obtained indicated 
that the equipment and procedure used are internally con-
sistent. 
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VISCOMETER AND THRUST TUBE CURVE 




on n' ±0.0036 
n' upper bound 1.0026 
n' lower bound .9953 
Log K1 -2.282 
95% limit on 
Log K' ±0.015 
Standard 
Deviation 0.0071 
*Viscometer tubes only 
**Thrust tubes only 
#Viscometer and thrust tubes 
Toluene* PIB* PIB** PIB# 
1.0047 0.8895 0.8797 0.8882 
±0.0026 ±0.0266 ±0.0014 ±0.0111 
1.0073 0.9161 0.8801 0.8993 
1.0021 0.8629 0.8783 0.8771 
-2.305 -0.9174 -0.8676 - .9067 
±0.010 ±0.0969 +0.0592 + .0439 
0.0075 0.0174 0.0167 0.0176 
The 1.0% PIB data obtained, using the viscometer and 
thrust tubes, were fitted separately and together to first-
order curves by the least squares procedure.* The constants 
obtained from these curves are also given in Table IV. 
It can be seen from Table IV that the values of n' ob-
tained for each set of data agreed fairly well.** The value 
of n' obtained from the combination of the data was taken to 
be the most correct value. This value of n' = .8882 in the 
The entrance correction constant for non-Newtonian fluids 
such as 1.0% PIB in cyclohexane was assumed to be 2.16, the 
same as for Newtonian fluids (3). 
**An analysis of variance check indicated that a second-order 
least squares curve did not improve the fit of the data. 
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range of 8V/D values studied (about 300-75,000 sec- 1) is 
typical of a mildly pseudoplastic non-Newtonian fluid. The 
uncertainty in the value of n' in this fluid is greater than 
that for toluene. This is due in part to the fact that 8V/D 
above 75,000 could not be attained because of pressure limit-
ations and data were not obtained below 300, so that values 
of n 1 were obtained from a narrower range of data. Also, 
each set of toluene data had about twice as many measured 
points. 
It should also be noted from Figure 21 that, when all 
the data points for the different diameter tubes are plotted 
together, each tube appears to fit the straight line with no 
consistent deviations for any tube. Thus it appears that 
the tube diameters and entrance corrections obtained with 
toluene give satisfactory results with a non-Newtonian fluid. 
The tubes were originally selected so that a wide range 
of 8V/D values in the laminar range could be attained with-
out too much overlap of data points when low viscosity fluids 
such as toluene were used. However, it was found that with 
fluids of higher viscosities, a larger range of 8V/D values 
could be covered with each tube, in the same range of Rey-
nolds Numbers. Therefore, some intermediate tubes were not 
used with fluids of high viscosities, because the attainable 
8V/D range could be covered without them. The time required 
for taking data was thus reduced considerably. 
Thrust Measurement for 
1.0% PIB in cyclohexane 
Curves of thrust versus 8V/D are plotted in Figure 22 
and the data are tabulated in Appendix II, Table XII. All 
thrust measurements were taken at Generalized Reynolds 
Numbers* between 100 and 1000. Middleman and Gavis (15) 
suggested that acceleration effects caused by the relaxing 
velocity profile and surface tension effects at the tube 
exit at low Reynolds number could cause a significant normal 
stress to be observed independent of elastic stresses. The 
minimum Reynolds number above which this effect could be 
neglected was 100. Reynolds numbers above 1000 were not 
used, because it was reported elsewhere (19,21) that unusual 
effects in the data were observed above this value. 
An analysis of variance check indicated that the fit of 
the data for the .1045 inch diameter tube could be improved 
considerably by using a second-order least squares curve as 
compared with first-order. However, first-order curves ade-
quately fit the data for the .06137 inch and the .0328 inch 
diameter tubes. The constants and their confidence limits 
are listed in Table v. 
The values of d(log T)/d(log 8V/D) for the 0.1045 inch 
diameter tube used in calculating normal stress differences 
had a range of 2.03 to 2.36· The other two tubes had constant 
. n' 2-n' n '- 1 The Generalized Reynolds Number ~s D V p/K1 8 . In 
the case of Newtonian fluids where n' = 1, this reduces to 
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CONSTANTS FOR THE CURVES OF THE 
LOG THRUST VS LOG 8V/D FOR 1.0% PIB 
Tube diameter 0.1045 
Order of fit 2nd 
Sl d{log T} 7.23- 2(.701) log 8V/D ope 
d(log 8V/D) 
95% limit on slopes 7.23 + 4.800 
of coefficients -.701 + .0692 
Log T intercept -16.399 
95% limit on 
Log T intercept + 2. 270 

















values of d(log T)/d(log 8V/D) because their curves were 
first-order. 
61 
Figure 23 is a plot of the log normal stress difference 
(Pll - P22)w versus log 8V/D for the two larger tubes. The 
data were fitted with a first-order curve of the form 
Log (Pll - P22)w = -3-328 + 1.1508 (Log 8V/D) 
where the 95% confidence limit on the terms -3.328 and 
1.1508 are +0.4158 and +0.1075, respectively. The standard 
deviation of the data from the curve was 0.0675. 
The values of (P11 - P22)w obtained in this work for 
1.0% PIB L-80 in cyclohexane are of the same order of mag-
nitude as those obtained by Uebler (21) for 1.0% PIB L-100 
in decalin. His values were slightly higher, which is 
explainable since the polymer he used had a slightly higher 
molecular weight and was in a different solvent. The slope 
of about one is also in agreement with his results. 
In order to show why points on this plot, at nearly 
equal values of 8V/D taken with the same tubes, had a fairly 
large deviation~ the probable error (P.E.) encountered in 
evaluating (P11 - P22)w was found following Shertzer (19). 
It was assumed that the thrust had a P.E. of 5% and that 
the slope of the~w vs 8V/D plot was not in error. From this 
assumption, the P.E. of the second term in Equation 10 was 
also 5%. But the error introduced into the difference 
between the first and second terms (P11 - P22)w was much 
larger. This is shown in the last column of Table VI which 
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Figure 23 
NORMAL STRESS DIFFERENCES VS 8V/D FOR l.Oi PIB 
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shows a few sample points for the .06137 tube. This demon-
strates why the (P11 - P22)w points scatter about the curve. 
A small error in the measurement of the thrust results in a 
large error in evaluation of (P11 - P22)w, especially at 
higher values of 8V/D where the individual terms of equation 
(10) increase more rapidly than their difference. 
Table VI 
P.E. IN (Pll - p22)w DUE TO ERROR IN THRUST 
1st 2nd P.E. in P.E. in 
Term Term pll-P22 P.E. in pll-P22' pll-P22% {8V/D) (:2sf) (Esf} (Esf} T % {:esf} 
19270 463 430 33 s.o 21.5 65.0 
14410 363 338 25 s.o 16.9 66.0 
7395 92 78 14 s.o 3.9 27-5 
It can be noted from the curves of Figure 22 and from 
Table XII that in repeated runs, values of thrust varied by 
less than about 5%. There is a trend to lower per cent 
variations at high thrust values. This demonstrates the 
repeatability of the thrust measurements, but as was shown 
in the preceding error analysis, is misleading in that small 
differences in the thrust measurement will be magnified when 
normal stress differences are calculated. It is believed, 
however, that the good repeatability obtained with the .03283 
inch tube is fortuitous in view of the sensitivity problems 
described below. 
The normal stress differences for the 0.03283 inch 
diameter tube are not plotted in Figure 23 because the normal 
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stress differences (P11 - P22)w evaluated for this tube were 
all small or negative. 
It would appear that the values of (P11 - P22 )w for 
this tube were small or negative because the measured thrusts 
were larger than the true thrusts produced by the jets. The 
alternate explanation that negative differences were due t,o 
an incorrect diameter requires that the calculated diameter 
was too large. This seems unlikely~ particularly in view 
of the good agreement of data taken with this tube with the 
rest of the data shown in Figure 18. The reason for the 
apparent bias in these readings is not understood. 
All thrust measurements taken at high pressures were 
affected by the tygon tubing connecting the constant tempera-
tube bath to the analytical balance. As the pressure rose~ 
the tubing had a tendency to swell and elongate. This 
reduced the flexibility of the tubing which in turn prevented 
the knife edge from pivoting freely on the balance. The 
effect of pressure in the tygon tubing on the sensitivity of 
the balance is shown in Table VII which lists the weight 
required to give the pointer a unit displacement at different 
values of pressure drops across the capillary tubes. At the 
pressures prevalent in the .03282 inch diameter tube with 
this solution (20-60 psi), the sensitivity is inadequate to 
obtain meaningful (P11 - P22)w results since a small error 
in the thrust term of equation (10) produces a large error 
in (P11 - P 22)w. Thus~ the use of the thrustometer is 
limited by the flexibility of the tygon tubing at high 
pressures (high shear rates). 
Table VII 
VARIATION OF BALANCE SENSITIVITY 

















It is of interest to note in Table VIII that the 
Generalized Reynolds Numbers are nearly the same for 




























This fact should be helpful in selecting the proper diameter 
capillary tubes when designing an experiment to measure 
thrust. 
V. CONCLUSIONS 
The viscometer designed and built for this project 
operates satisfactorily in a continuous range of flow rates 
of 2 to 560 cc/min and capillary wall shear stresses of 
1.0 to 660 dynes/cm2 • With seven capillary tubes, the com-
plete 8V/D range of 200 to 1.2 x 105 sec- 1 can be covered 
even for fluids of low (0.5 cp) viscosity. 
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The Newtonian entrance correction factor for each capil-
lary tube was checked and a value of 2.16, the same as that 
proposed by Bogue (3), appears to be satisfactory. 
The capillary jet thrust apparatus using an analytical 
balance for thrust measurements, gives reasonable normal 
stress results for a 1.0% solution of polyisobutylene in 
cyclohexane at values of 8V/D up to 3 x 104 sec- 1 . The 
equipment is relatively simple and inexpensive and fairly 
sensitive at low pressures. However, at higher shear rates, 
where the pressure drop across the capillary tube exceeds 15 
psi, reliable thrust measurements could not be obtained. 
Under these conditions, the tygon tubing connector to the 
balance swelled and stiffened causing the balance to lose 
its sensitivity. 
It was noted that in the Generalized Reynolds Number 
range useful for these measurements (Re ~ 100 to 1000), the 
range of thrust values obtained was the same regardless of 
tube diameter. This observation is useful in selecting 
tubes for covering desired 8V/D ranges. 
VI. RECOMMENDATIONS 
No recommendations are offered for the capillary 
viscometer as it satisfied all present requirements. 
In order to extend the range of the 8V/D values for 
the jet thrust apparatus, the following recommendations 
are suggested for study: 
1. Reduce L/0 ratio of the thrust tubes so that lower 
pressure drops will be encountered across them. The minimum 
L/b which will permit fully developed velocity profiles to 
be achieved will have to be determined. 
2. A suitable flexible connector which is less sensi-
tive to pressure than the tygon tubing and still is not 
attacked by organic solvents should be sought. 
3. It is also recommended that a longer glass tube 
lever arm on the balance be used to increase the lever arm 





I. Calculation of capillary tube diameters. 
In order to show the iterative process used in obtaining 
the capillary tube diameters~ a review of the calculations 
will be presented for the 0.06137049 inch diameter capillary 
thrust tube using toluene. 
First iteration: 
d = Estimated diameter of .06135913 inches 
Q = 56. 85 cc/min 
L = 12.016 inches 
Tj = 0.5179 cp = 1.08268 X 105 lbf sec ft 
v = 4Q/ud2 
pV2 ~p = ~POBSERVED - V 2g = 0.231 psi 
c 
C assumed to be 2.16 
D = 2(8QLTJ/u~P) 1/4 = 0.0621212 inches 
-2 
The value of D calculated was then compared to d. If 
these two values differred by more than 5.0 x 10- 6 inches~ 
D was substituted for d in the velocity evaluation and a 
different D was calculated. This iterative process was 
continued until the difference between two successive 
iterations was within the tolerance. 
A diameter was calculated in this manner for each point 
in the set of data for each tube (Table X). The values 
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ranged from 0.06094642 to 0.06173789 inches. The average 
of these calculated diameters was taken as the true diameter, 
which for this tube was 
D = DAVERAGE = 0.06137049 inches 
II. Check of the capillary end effects correction 
factor C. 
The 0.06137 inch diameter tube will be used again to 
show a sample of the calculations followed in checking the 
correct value of C. C was varied from 2.51 to 1.96 by 
increments of 0.05. C equal to 2.16 will be used here. 
Q = 56.85 cc/min 
f = 16/Re 
Re = VDp = 1328 
T) 




L = 12.016 inches 
V = ;d~ = 19.55 in/sec 
- DD.Pgc - 01 11 f2 - 2LV2 p - • 2 
c 
= 0.231 psi 
fl 
friction factor ratio = I: = 0.9991 
2 
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The friction factor ratio was calculated for each data point 
with C = 2.16. (Table X). 
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III. Calculation of Normal Stress Difference 
= I - II 
An example of the calculations used to obtain (P11 - P22)w 
is shown here. The 0.06137 inch diameter tube will be used 
for this case. The computer analysis provided the following 
relationships from the log T versus log 8V/D and lo~w 
versus log 8V/D curves. 
log T = -8.627 + 2.1087 log 8V/D 
log"l-w = -~ 067 + . 8882 log 8V /D 
from which, n' = 0.8882 
Q = 249.0 cc/min 
8V/D = 7.3953 x lo+3 sec- 1 
p~2 = 0.585 psi 
c 
( 3n 1 +l)(n 1 +1) = 2 _810 2n 1 +1 n' 
I - 1.645 psi 
• ¥'_0 i) 
T - 0.~ gm 
d(log T) - 2.1087 
d(log ~v) -
(1 + 1 d(log T) ) = 2.1960 
2n • d(log ~V) 
T = 0.255 psi 
7TR2 
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II = 0.565 psi 
1. 
(Pll - P22)w = I - II = 1.080 psi 
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IV. Procedure to obtain diameter of largest viscometer tube. 
Because the viscosity of toluene was too low (~.52 cp), 
the pressure drops across the 0.10326 inch diameter viscometer 
tube were too small to be reliable in calculating a diameter 
for the tube. Therefore a Newtonian fluid of higher vis-
cosity was used to determine the diameter of this tube. The 
fluid used was 4.0% Polystyrene in toluene which had a 
viscosity of 4. 567 cp. Hershey (9) and Rodriguez (18) found 
this fluid to possess Newtonian properties using other tubes~ 
and obtained flow data for the capillary tube in question. 
The data thus obtained was used to calculate the 
diameter of the tube by the same iterative procedure followed 
for the other tubes. The data are tabulated in Appendix II, 
Table X. 
v. Procedure to obtain the diameter of the largest thrust 
tube. 
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Because the viscosity of toluene was too low (~.52 cp)~ 
the pressure drops measured across the largest diameter 
thrust tube were too small to be reliable in calculating the 
diameter. Therefore~ in order to determine the diameter of 
the tube, the data obtained for the 1.0% PIB solution was used. 
The log (D6P/4L) vs log (8V/D) data obtained with three 
viscometer tubes (D = .1033~ .0629~ and.04625) and two thrust 
tubes (D = .06137 and .03283) were fitted with a first-order 
curve by the least squares method. This curve could be 
represented by equation (20}: 
I 
D6P/4L = K1 (8V/D)n (20} 
where n 1 = 0.8882 and K' = 0.128. (Table IV). 
This equation can be rearranged to obtain: 
[ r Jl/(3n'+l) D = (32 Q/rr)n (4LK' /6P) 
A reasonable diameter was assumed for the largest thrust tube 
in order to correct the 6P term (equation 15)~ and a diameter 
(D) was calculated for each measured data point. The numeri-
cal average of the diameters was then determined.and compared 
to the assumed diameter. If they were different~ another 
diameter was chosen and the same procedure followed. This 
was done until the assumed and calculated diameters were 
nearly equal. The value thus obtained as the diameter of the 




TOLUENE DATA FOR VISCOMETER 
Pressure 
AND~UST CAPILLARY TUBES 
Shear 
Diameter Drop Velocit) Reynolds Stress 8V/D (inch_es_l . 
__ (~ (ft/sec Number f(Eq. 19) (dynes/cm2 ) (sec-1) 
.00963885 19.10 9.86 1216 .01335 516.645 98215 
.00963885 15.75 8.13 1003 .01619 426.035 80978 
.00963885 13.21 6.89 851 .01887 357.407 68716 
.00963885 11.08 5.81 718 .0~~~4 ~99.696 ~~§64 
.00963885 8.83 4.66 576 .02755 238.992 
.00963885 6.54 3.46 427 .03710 176.843 34473 
.00963885 4.25 2.26 279 .05629 114.900 22558 
.01331044 7-34 7.10 1210 .01345 269.920 51223 
.01331044 5-65 5-54 944 .01698 207.634 39977 
.01331044 4.86 4.80 818 .01945 178.719 34661 
.01331044 4.05 4.09 698 .02224 148.692 29565 
.01331044 2.83 2.75 470 .03430 103.899 19900 
.01331044 1.98 1.93 329 .04886 72.481 13926 
.02322385 2.84 4.36 1299 .01236 93.972 18063 
.02322385 2.42 3·75 1117 .01425 80.168 15540 
.02322385 2.02 3.10 922 .01747 66.882 12819 
.02322385 1.63 2.55 759 .02085 54.082 10553 
.02322385 1.23 1.90 566 .02830 40.860 7873 














































Table IX (continued) 
Pressure Shear 
Diameter Drop Velocit} Reynolds Stress 8V/D Drag* (inches) __ (psi) (ft/sec Number f(Eq. 19) (dynes/cm2 ) (sec-1) f(Eq. 18) Ratio 
.03253884 3.23 4.82 2011 .00806 74.836 14247 .00795 1.014 
.03253884 2.87 4.36 1817 .00878 66.521 12873 .00880 .997 
.03253884 2.52 3.82 1591 .01007 58.470 11270 .01005 1.001 
.03253884 2.21 3.38 1411 .01120 51.219 9998 .01133 .989 
.03253884 1.90 2.89 1204 .01322 43.946 8528 .01328 .995 
.03253884 1.69 2.56 1069 .01490 39.061 7571 .01496 .996 
.03253884 1.47 2.23 932 .01708 34.022 6600 .01716 .995 
.03253884 1.26 1.92 800 .01994 29.295 5668 .01999 .997 
.03253884 1.05 1.59 664 .02416 24.432 4703 .02409 1.003 
.03253884 ·739 1.10 462 .03489 17.103 3274 .03460 1.008 
.04624756 .792 2.36 1402 .01169 26.077 4915 .01141 1.024 
.04624756 .701 2.11 1250 .01299 23.068 4384 .01279 1 ~JH6 
.04624756 .611 1.85 1100 .01461 20.100 3859 .01453 1.005 
.04624756 .521 1.62 960 .01638 17.147 3364 .01665 .983 
.04624756 .436 1.32 785 .02046 14.337 275 .02036 1.005 
.04624756 .347 1.08 640 . 02453 11.409 . 2244 .02499 .981 
.04624756 .294 .917 543 .02885 9.670 1905 .02944 .980 
.04624756 .241 .749 443 .03550 7.927 1555 .03606 .984 
.04624756 .191 .586 347 .04591 6.289 1218 .04605 .997 
.04624756 .142 .423 250 .06528 4.665 879 .06375 1.023 
*Ratio of f values from Equations 19 and 18 
-..l 
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Table IX (continued) 
Pressure Shear 
Diameter Drop Velocit) Reynolds Stress 8V/D Drag* 
_(inches) (psi) (ft/sec Number f(Eq. 19) (dynes/cm2 ) (sec-1) f(Eq. 18) Ratio 
.06290381 .243 1.37 fll04 .01451 10.867 2093 .01448 1.002 
.06290381 .168 • 973 -:::\7 83 .01999 7·535 1485 .02041 • 979 
.06290381 .141 .804 647 .02445 6.292 1227 .024~0 .989 
.06290381 .118 .673 542 .02933 5.295 767 .039 8 .984 
.06290381 .0639 ·359 289 .05551 2.862 549 .05518 1.005 
.06290381 .0489 .274 221 .07307 2.192 419 .07233 1.010 
.06290381 .0328 .182 147 .11079 1.471 278 .10873 1.018 
.06290381 .0243 .136 109 .14745 1.090 208 .14569 1.012 
• 
.01021475 23.44 13.31 1740 .00937 661.041 125095 .00919 1.020 
.01021475 18.86 10.79 1412 .01146 531.924 101476 .01133 1.012 
.01021475 u~.o9 8.33 1090 .01437 397.325 78342 .01467 .979 
.01021475 9.47 5·56 727 .02167 267.015 52293 .02198 .985 
.01021475 4.71 2.72 355 .04512 132.839 25563 .04497 1.003 
.01338756 10.13 10.11 1~33 .00919 374.169 ~2535 .00922 .996 
.01338756 8.60 8.70 1 92 .01053 317.618 2432 .01072 .982 
.01338756 7.10 7.07 1212 .01316 262.109 50731 .01319 .997 
.tl1338756 5-55 5.53 949 .01679 204.977 39722 .01685 .996 
.01338756 4.05 4.00 686 .02345 149.603 28712 .02331 1.006 
.01338756 2.38 2.33 399 .04078 88.109 16709 .04006 1.018 
.01338756 11.14 10.77 1846 .00891 411.587 77242 .00866 1.028 
.01338756 8.20 8.24 1413 .01118 302.908 59151 .01131 .988 
.01338756 6.40 6.47 1109 .01416 236.142 46414 .01442 .982 
.01338756 4.67 4.63 793 .02021 172.428 33202 .02016 1.002 
*Ratio of f values from Equations 19 and 18. 
~ 
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Table IX (continued 
Pressure Shear 
Diameter Drop Velocity Reynolds Stress 8V/D 
(inches) (psi) U:tLsec2 Number f(Eq. 192 (dxnes/cm2 ) (sec- 1) 
.02325907 2.14 6.26 1865 .00880 137.376 25852 
.02325907 1.68 5·17 1541 .01015 108.222 21365 
.02325907 1.36 4.15 1236 .01278 87.680 17133 
.02325907 1.05 3.21 956 .01639 67.290 13255 
.02325907 .843 2.49 743 .02182 54.167 10308 
.02325907 .437 1.29 386 .04195 28.060 5351 
.03282976 1.51 4.66 1962 .00813 70.612 13655 
.03282976 1.34 4.18 1759 .00900 62.783 12238 
.03282976 1.19 3.65 1536 .01045 55·563 10686 
.03282976 1.01 3.15 1326 .01197 47.469 9228 
.03282976 .853 2.64 1111 .01436 39.936 7729 
.03282976 .691 2.15 904 .01755 32.355 6294 
.03282976 ·535 1.66 699 .02275 25.035 4863 
.03282976 ·378 1.17 492 .03240 17.694 3425 
.03282976 .276 .830 348 .04721 12.941 2427 
.04646582 .135 .818 486 .03317 8.844 1691 
.04646582 .188 1.15 686 .02308 12.245 2385 
.04646582 .253 1.52 906 .01787 16.525 3149 
.04646582 .301 1.83 1093 .01462 19.654 3796 
.04646582 -356 2.17 1292 .01237 23.251 4489 
.04646582 .410 2.54 1511 .01042 26.780 5250 
















































Table IX (continued) 
Pressure Shear 
Diameter Drop Ve1ocitl Reynolds Stress 8V/D (!nc_hes) (ps.ll_ Number f(Eq. 19) {dynes(cm2 ) (~~~-l) (ft(sec 
.06137049 .146 1.62 1279 .01214 12.817 2547 
.06137049 .137 1.52 1201 .01293 12.0~5 2392 
.06137049 .123 1.37 1083 .01437 10.8 3 2156 
.06137049 .113 1.23 967 .01643 9.917 1926 
.06137049 .106 1.13 893 .01812 9.321 1778 
.06137049 .0983 1.04 817 .02011 8.657 1626 
.06137049 .0843 .902 709 .02291 7.425 1411 
.06137049 .0726 .765 601 .02741 6.393 1197 























CALIBRATION OF TUBES AND ENTRANCE 
EFFECTS COEFFICIENT DATA 
81 
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Flow Temp. of Man. Temp. of 
Diameter Rate Man. Man. Reading Fluid 
{inches} {cc/min} No. {oc} {em} {oc} 
.• 
.01021371 12.87 1. 32-50 133-90 30.0 
.01021371 10.44 1. 31.90 106.45 30.0 
.01021371 8.06 1. 29.80 78.85 30.0 
. 01021371 5.38 1 . 33.00 52.65 30.0 
. 01021371 2.63 1 . 30.80 26.65 30.0 























Flow Temp. of Man. Temp. of 
Diameter Rate Man. Man. Reading Fluid 
{inches} {cc/min} No. {oc} (em} (oc} 
.01338529 16.80 1. 33.00 60.07 30.0 
.01338529 14.46 1 . 31.60 50.48 30.0 
. 01338529 11.75 1 . 30.30 41.09 30.0 
. 01338529 9.20 1. 31.30 31.90 30.0 
.01338529 6.65 1. 31-30 23.25 30.0 
.01338529 3-87 1. 32.50 14.01 30.0 
.01338529 17.89 1. 31.20 66.70 30.0 
.01338529 13-70 1. 32.30 48.50 30.0 
.01338529 10.75 1. 30.00 37-51 30.0 
.01338529 7 .. 69 1. 32.40 27.34 30.0 




























Flow Temp. of Man. Temp. of 
Diameter Rate Man. Man. Reading Fluid 
{inches} {cc/min} No. {oC} {em} {oC} 
.02325339 31.40 1. 30.70 15.46 30.0 
.02325339 25.95 1. 31.00 12.33 30.0 
.02325339 20.81 2. 30.30 143.10 30.0 
.02325339 16.10 2. 32.60 110.20 30.0 
.02325339 12.52 2. 29.50 88.95 30.0 
.02325339 6.50 2. 31.90 51.90 30.0 
Calculated Number of 
Diameter Iterations 


















1.0064 2 .. 06 
1.0097 2·.01. 
1.0129 1.96 
Flow Temp. of Man. Temp. of 
Diameter Rate Man. Man. Reading Fluid 
(inches) (cc/min) No. (°C) (em) (oc) 
.03280583 46.64 2. 31.50 159-75 30.0 
.03280583 41.80 2. 34.00 141.95 30.0 
.03280583 36.50 2 . 31.40 124.65 30.0 
. 03280583 31.52 2. 33.80 107.20 30.0 
.03280583 26.40 2 . 32.80 90.80 30.0 
. 03280583 21.50 2. 32.00 75-00 30.0 
.03280583 16.61 2 . 32.10 60.23 30.0 
. 03280583 11.70 2. 33-50 45.95 30.0 
.03280583 8.29 2. 32.20 32.20 30.0 



























Flow Temp. of Man. Temp. of 
Diameter Rate Man. Man. Reading Fluid 
{inches} {cc/min} No. {oc} {em} {oC} 
.04642334 16.38 2. 33-70 25.25 30.1 
.04642334 23.10 2. 35.20 30.25 30.0 
.04642334 30.50 2. 32.00 36.60 30.0 
.04642334 36.77 2. 32.60 41.64 30.0 
.04642334 43.48 2 . 32.50 47-55 30.0 
. 04642334 50.85 2. 32-50 53-78 30.0 
























Flow Temp. of Man. Temp. of 
Diameter Rate Man. Man. Reading Fluid 
{inches} (cc/min} No. {oc} {em} {oC} 
.06135913 56.85 2 . 32.10 28.10 30.0 
. 06135913 53-38 2 . 32.30 27.05 30.0 
. 06135913 48.11 2 . 32.00 25.50 30.0 
. 06135913 42.99 2. 30.00 24.20 30.0 
.06135913 39.68 2. 28.70 23.40 30.0 
.06135913 36.30 2 . 28.00 22.56 30.0 
. 06135913 31.50 2. 30-30 21.16 30.0 
.06135913 26.72 2. 31.20 19.97 30.0 


























Flow Temp. of. Man. Temp. of 
Diameter Rate Man. Man. Reading Fluid 
(inches) (cc/min) No. (°C) (em) (° C) 
. 01000000 8.49 1 . 28.60 105.90 30.0 
.01000000 7.00 1. 29.50 86 ·70 30.0 
.01000000 5.94 1. 27.90 72.45 30.0 
.01000000 5.01 1. 27-50 60.60 30.0 
.01000000 4.02 1. 28.20 48.30 30.0 
.01000000 2.98 1. 26.40 35.85 30.1 
.01000000 1.95 1. 27-70 23.65 30.0 

























Flow Temp. of Man. Temp. of 
Diameter Rate Man. Man. Reading Fluid 
(inches) (cc/min) No. (oC) (em) (oC) 
.01327935 11.66 1. 24.10 42.35 30.0 
.01327935 9.10 1. 23.90 32.38 30.0 
.01327935 7-89 1. 23.90 27.85 30.0 
.01327935 6.73 1. 23.90 23.25 30.0 
.01327935 4.53 1. 23.70 16.40 30.0 
.01327935 3-17 1. 23.80 11.76 30.0 
























Flow Temp. of Man. Temp. of 
Diameter Rate Man. Man. Reading Fluid 
(inches) (cc/min) No. CCC) (em) (oc) 
.02312708 21.84 1. 28.90 17.21 30.0 
.02312708 18.79 1. 29.10 14.75 30.0 
.02312708 15-50 1. 30.00 12.40 30.0 
.02312708 12.76 2 .. 30.20 154.15 30.0 
.02312708 9.52 2. 29.20 118.30 20.0 























Flow Temp. of Man. Temp. of 
Diameter Rate Man. Man. Reading Fluid 
{inches2 {cc/min2 No . {°Cl (em} {oc) 
. 03255615 47.38 1. 29.70 19.50 30.0 
.03255615 42.81 1. 29.90 17-38 30.0 
.03255615 37-48 1. 30.90 15-31 30.0 
.03255615 33.25 1. 30.60 13-50 30.0 
.03255615 28.36 2 . 28.40 177-45 30.0 
. 03255615 25.18 2 . 27.40 158.20 30.0 
. 03255615 21.95 2. 27.20 138.75 30.0 
.03255615 18.85 2. 26.30 120.60 30.0 
.03255615 15.64 2. 25.70 102.20 30.0 
.03255615 10.89 2. 25.60 75-00 30.0 




























Flow Temp. of Man. Temp. of 
Diameter Rate Man. Man. Reading Fluid 
{inches} {cc/min} No . {o C) {em} {°C2 
. 04630384 46.93 2 . 26.50 83.70 30.0 
. 04630384 41.86 2 . 26.10 75-03 30.0 
. 04630384 36.85 2 . 25.50 66.60 30.0 
. 04630384 32.15 2. 25.90 58.45 30.0 
.04630384 26.30 2 . 26.00 50.59 30.0 
. 04630384 21.43 2 . 25-50 42.70 30.0 
. 04630384 18.19 2 . 25.50 38.05 30.0 
. 04630384 14.85 2. 25.10 33.43 30.1 
.04630384 11.63 2 . 25.40 29.15 30.0 
. 04630384 8.40 2. 25.30 25.30 30.0 





























Flow Temp. of Man. Temp. of 
Diameter Rate Man. Man. Reading Fluid {inches} (ccLmin} No. (oc} {em} (oc} 
.06297296 50.30 2. 26.00 34.95 30.05 
.06297296 35.69 2. 26.40 27.92 30.05 
.06297296 29.49 2. 26.10 25.34 29.98 
.06297296 24.70 2. 26.00 23.32 30.05 
.06297296 18.45 2. 26.60 20.60 30.00 
.06297296 13.20 2 • 26.30 18.55 30.00 
. 06297296 10.07 2 • 25.90 17.27 30.00 
. 06297296 6.70 2 . 25-70 15.91 30.05 
. 06297296 5.00 2. 25.80 15.20 30.05 



























Note: 4.0% Polystyrene E in toluene used instead of pure 
toluene. 
Flow Temp. of Man. Temp. of 
Diameter Rate Man. Man. Reading Fluid (inches) (cc/min) No. (OC) (em) (°C) 
.10748413 564.00 1. 27-7 36.55 30.0 
.10748413 497.00 1. 28.7 32.60 30.1 
.10748413 411.00 1. 27.4 27-35 29.9 
.10748413 330.00 1. 28.5 22.20 30.1 
.10748413 247.00 1. 27.4 16.95 30.0 
.10748413 165.00 2. 27-5 170.40 30.0 
.10748413 116.00 2. 27.8 124.70 30.1 
.10748413 85.00 2. 29.0 94.45 30.0 
.10748413 50.70 2. 27-5 61.53 30.1 
.10748413 56.75 2. 27-5 68.45 29.9 
.10748413 41.33 2. 27.8 53.45 30.0 
.10748413 36.37 2. 27.6 48.65 30.0 
.10748413 30-57 2. 28.3 42.95 30.0 
.10748413 26.25 2. 28.7 39.05 30.0 
.10748413 21.17 2. 27-5 34.15 30.0 
.10748413 16.25 2. 27.8 29.35 30.0 
.10748413 11.53 2. 29.0 24.70 30.0 
.10748413 6.67 2. 27-7 19.87 29.9 




















Average Diameter = . 10326088 inches . 
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Table XI 
VISCOMETRY DATA FOR 1.0% PIB 
IN CYCLOHEXANE 
Flow Temp. of · Man. Temp. of 
Diameter Rate Man. Man. Reading Fluid (inches) (cc/min) No . (OC) (em) (°C) 
. 10326088 159.00 1. 28.5 12.35 25.0 
.10326088 105.00 2 . 28.5 136.75 25.0 
. 10326088 86 .. 50 2 . 28.5 118 .oo 25.1 
. 10326088 69.50 2 . 28.5 97-35 25.1 
. 10326088 51.15 2 . 28.5 77-15 25.0 
. 10326088 33-35 2. 28.5 55-40 24.9 
Delta P Velocitl Reynolds Shear Stress 8V/D1 (psi Number (dynes/cm2 ) (sec- ) (ft/sec 
2.043 1.609 1121.0 I5-71 1496.0 1.347 1.062 740.2 9.91 987.9 
1.145 0.875 609.8 42.44 813.8 
0.921 0.703 490.0 34.15 653-9 
0.702 0.517 360.6 26.03 481.2 
0.465 0.337 235.1 17.24 313-7 
Flow Temp. of Man. Temp. of 
Diameter Rate Man. Man. Reading Fluid (inches) (cc/min) No. ec> (em) coc> 
.06290381 182.00 1. 28.5 43-55 25.0 
.06290381 166 .oo 1 . 28.5 40.10 25.0 
. 06290381 141.50 1. 28.5 35.05 25.0 
.06290381 118.00 1. 28.5 29.85 25.0 
.06290381 76.00 1. 28.5 20.50 25.1 
.06290381 50.12 1. 28.5 14.60 25.0 
.06290381 32-70 1. 28.5 10.35 25.0 
.06290381 15.65 2. 28.5 88.57 25.0 
Delta P Ve1ocitl Reynolds Shear Stress 8V/D1 (psi) Number (dynes/cm2 ) (sec- ) (ft/sec 
8.013 4.963 2106.5 358.74 7575.0 
7-234 4.527 1921.3 324.10 6909.1 
6.320 3-859 1637-9 282.95 5889.4 
5-360 3 .. 218 1365-7 239.95 4911.3 
3.609 2.072 879-5 161.57 3163.2 
2.489 1.366 580.1 111.41 2086.0 
1.674 0.891 378.4 74.94 1361.0 
0.829 0 .. 426 181.1 37-09 651.0 
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Flow Temp. of Man. Temp. of 
Diameter Rate Man. Man. Reading Fluid (inches) (cc/min) No . ec) (em) (oC) 
. 04624756 38.30 1. 28.1 31.25 25.0 
.04624756 26.78 1. 28.1 22.80 25.0 
.04624756 14.80 1. 28.1 14.00 25.0 
.04624756 114.00 1. 28.2 80.35 25.0 
. 04624756 107.00 1. 28.3 75-85 25.0 
.04624756 90.00 1. 28.3 66.35 25.0 
. 04624756 83.50 1. 28.3 62.15 24.9 
. 04624756 48.60 1. 28.4 39.65 24.9 
Delta P Velocity Reynolds Shear Stress 8V/D1 (psi) (ft/sec) Number (dynes/cm2 ) (sec- ) 
5-707 5-707 602.9 181. 8~ 4011.2 4.085 4.085 412.5 13 .4 2804.7 
2.387 2.387 232.9 78.56 1550.0 
14.929 14.929 1794.6 491.38 11939.4 
14.098 14.098 1684.4 464.01 11206.3 
12.346 12.346 1416.8 406.34 9425.9 
11.561 . 11.561 1314.6 380.51 8745.1 
7-316 7-316 765.1 240.78 5089.9 
Table XII 
THRUST AND NORMAL STRESS DATA 
FOR 1.0% PIB IN CYCLOHEXANE 
Flow Temp. of Man.* Temp. of Total Zero 
Diameter Rate Man. Man. Reading Fluid Thrust Thrust (inches) (cc/min) No. (oc) (em) (oC) (gm) (gm) 
.03283 260.00 4. 29.30 0.00 25.00 16.090 8.570 
.03283 201.00 4. 29.30 0.00 25.00 12.780 8.550 
.03283 155·50 4. 29.30 0.00 25.00 11.050 8.540 
.03283 104.50 4. 29.40 0.00 25.00 9.640 8.580 
. 03283 261.00 4 . 29.40 0.00 25.00 15.480 7. 970 
.03283 200.50 . 4. 29.40 0.00 25.00 12.380 7·970 
. 03283 156.00 4 . 29.40 0.00 25.00 10.500 8.000 
.03283 104.00 4. 29.40 0.00 25.00 9.030 7.980 
Pressure Shear Normal Stress 
Drop Velocitl Stress 8V/D1 Difference Thrust (psi) (ft/sec (dynes/cm2 ) (sec- ) (1b/ft2 ) (gm) 
25.3 26.032 2760.56 76123.4 -227.50 3.760 
36.8 20.125 2178.52 58849.2 - 27.37 2.115 
46.4 15.569 1720.34 45527.6 - 7.48 1.255 
59.0 10.463 1193.46 30595.7 26.84 0.530 
25.4 26.133 2770.32 76416.1 -201.30 3·755 
36.6 20.075 2173.54 58702.8 -109.80 2.205 
46.4 15.619 1725.42 45674.0 3.23 1.250 
58.9 10.413 1188.21 30449.3 26.54 0.525 
*No pressure drops were read during the thrust measurements. Pressure drops were 




Diameter Rate Man. (inches) (cc/min) No. 
.06137 430.00 1. 
.06137 321.50 1. 
.06137 249.50 1. 
.06137 165.00 1. 
.06137 558.50 1. 
.06137 430.00 1. 
.06137 320.00 1. 
.06137 248.50 1. 
.06137 165.00 1. 
Pressure 










Table XII (continued) 













Stress 8V/D ( dynes/cm2 ) (sec- 1) 
862.85 19272 ·5 
644.39 14409.5 




627 ·52 14342.3 
489.57 +1137·7 
329.71 7395.3 
















































Table XII (continued) 
Flow Temp. of Man. 
Diameter Rate Man. Man. Reading 
(ill:~he_s) (cc/min) No. (oC) (em) 
-
.1045 246.00 2. 29.70 73·75 
.1045 377.00 2. 29.80 118.10 
.1045 457.00 2. 29.70 149.50 
. 1045 561.00 1 . 29.80 11.20 
.1045 248.00 2. 29.70 74.85 
.1045 375.00 2. 29.70 119.40 
.1045 458.00 2. 29.70 149.65 
.1045 559-50 1. 29.70 11.35 
Pressure Shear 
Drop Velocitl Stress 8V/D1 (psi) (ft/sec (dynes/cm2 } (sec- ) 
0.754 2.43 110.5 2235 
1.162 3·73 171.2 3420 
1.440 4.52 211.0 4155 
1.750 5·55 257.0 5100 
0.761 2.45 111.0 2250 
1.210 3.71 176.5 3405 
1.442 4.53 220.1 4160 
1.785 5·54 263.8 5080 













































DIMENSIONS AND TOLERANCES 
I .D. (:i.n.) Leng1:h(:i.n.) L/D 
. 009639* 6.142 637 
.01331* 6.244 469 
.02322* 12.087 520 
.03254* 24.22 744 
.04625* 24.22 524 
.06290* 24.22 385 
.1033* 48.025 465 
.01022** 6.244 611 
.01339** 6.248 467 
.02326** 6.240 268 
.03283** 12.086 368 
.04647** 12.264 264 
.06137** 12.016 191 
.1045** 12.252 116 
*Used for viscosity measurements 
**Used for thrust measurements 
OF CAPILLARY TUBES 





















































CALIBRATION OF BOURDON TUBE PRESSURE 
GAUGES USING DEAD WEIGHT TESTER 
Champion Bourdon - Champion Bourdon -
Tube gauge (0-300) psi Tube gauge (0-100) psi 
Gauge Tester Gauge Tester 
Read in~ Force Rea din§ Force 
(lb/in ) (1b/in2 ) (lb/in ) (lb/in2 ) 
30.0 30 15.0 15 
60.0 60 20.0 20 
90.0 90 25.0 25 
120.5 120 30.0 30 
155.0 155 35.0 35 
180.0 180 40.0 40 
210.0 210 50.0 50 
230.0 230 60.0 60 
240.0 240 70.0 70 
249.5 250 80.0 80 
259.0 260 90.0 90 
278.5 280 100.0 100 
298.0 300 
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MATERIALS USED IN EXPERIMENT 
Cyclohexane. Purity (wt % cyclohexane) 99.9% minimum; 
impurities-non-volatiles~ water~ benzene 0.1% maximum; 
maximum boiling range 0.4°C~ including 80.7°C; specific 
gravity range 0.780-0.784 at 15.5°C; purchased from 
G. S. Robins Co.~ St. Louis~ Missouri. 
Toluene. Purity (wt % toluene) 99.5% minimum; impurities-
heptane isomers o.s%·maximum; maximum boiling range l°C~ 
including 110.6°C; specific gravity between 0.869 and 
0.873 at 15.5°C; nitration grade; purchased from G. s. 
Robins Co.~ St. Louis, Missouri. 
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Polyisobutylene L-80. Enjay MM Vistanex; grade L-80; lot 
B40828; code 230; molecular weight approximately 1,000,000, 
distribution unknown; produced by a low temperature Friedel-
Craft reaction; catalyst-free with trace amounts of butylated 
hydroxytoluene and sodium stearate; color slightly yellow; 
donated by Humble Oil and Refining Co., Baton Rouge, 
Louisiana. 
NOMENCLATURE 























end correction coefficient 
tube diameter used in iteration procedure 
tube diameter 
shear rate at capillary tube wall 
Fanning friction factor 
dimensional constant lbm - ft 
lbf - sec 2 
tube length 
8V 
slope of log~w vs log 1) curve = 
hydrostatic pressure 
p at tube exit., centerline 
deviatoric stress component 
pressure drop 
flow rate 
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